Upon contact with airway epithelial cells, mycobacteria activate several signal transduction events that are required for induction of inflammatory cytokines/chemokines. In this study, we found that Mycobacterium tuberculosis (Mtb)-induced reactive oxygen species (ROS) production is essential for the expression of tumor necrosis factor (TNF)-α, interleukin (IL)-6, and CXC-chemokine ligand (CXCL) 8 through the activation of mitogen-activated protein kinases [MAPKs; extracellular signal-regulated kinase (ERK) 1/2 and p38 MAPK] in A549 cells representing alveolar epithelial cells. We observed that Mtb rapidly enhanced ROS production after stimulation in a toll-like receptor (TLR) 2-dependent manner. In addition, Mtb triggered ERK1/2 and p38 MAPK signaling pathways which were dependent on ROS generation in A549 cells. Moreover, Mtb stimulation significantly increased the secretion of TNF-α, IL-6, and CXCL8 over that in untreated controls. Pretreatment of A549 cells with the antioxidant, N-acetylcysteine and the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase inhibitor, diphenylene iodonium, substantially inhibited Mtb-induced production of TNF-α, IL-6, and CXCL8. Studies using inhibitors selective for ERK1/2 and p38 MAPK pathways showed that both pathways play an essential role in the induction of TNF-α, IL-6, and CXCL8 at transcriptional levels in A549 cells. Collectively, our findings indicate the critical role of TLR2-dependent ROS in the Mtb-induced inflammatory cytokine/chemokine production in alveolar epithelial cells through MAPK-dependent signaling pathways.
INTRODUCTION
Human tuberculosis (TB) is one of the leading causes of death and the most aggressive infectious diseases worldwide (1) . Although one-third of population in the world is thought to be infected with Mycobacterium tuberculosis (Mtb) (2) , only 5~10% of infected individuals will develop overt disease during their lifetime (3) . The protective immunological mechanisms that provide the majority of individuals to be successfully containing these organisms are yet to be unknown. Nevertheless, a delicate coordination between innate and adaptive immune responses through the production of cytokines and chemokines may play a crucial role in mobilizing the host defense system against this extremely successful pathogen (4) . Elucidating the regulatory pathways of the cytokines/chemokines induction after Mtb infection will provide the key molecular mechanisms activated by this important human pathogen, and help develop a rational design of more effective vaccine adjuvants (5) .
The majority of previous studies have focused on alveolar macrophages in host defense against TB. However, alveolar epithelial cells may not be a simple barrier, but respond to their microenvironment, induce various cytokines and chemokines, thus may contribute to the innate immune response during pulmonary TB (6) . Indeed, infection of A549 cells with Mtb induced significant levels of nitric oxide (NO) and inducible NO synthase mRNA (6) . In addition, MEK1/2 and p38 MAPK signaling pathways are critically involved in the transcription of LL-37 mRNA expression in A549 cells (14) . Although MAPK activation appears to be important in the enhancement of antimycobacterial activity and cytokine production following a mycobacterial infection (5, 15) , the precise role of MAPK signaling in the regulation of cytokines/chemokines in A549 cells in response to Mtb has been largely unknown.
In this study, we examined the role of ROS in A549 cells representing alveolar epithelial cells during the secretion of tumor necrosis factor (TNF)-α, IL-6, and CXC-chemokine ligand (CXCL) 8 expression in response to Mtb. Our results showed that Mtb activated a rapid TLR2-dependent superoxide generation in A549 cells. In addition, ROS generation was required for Mtb-mediated MAPK activation and the expression of TNF-α, IL-6, and CXCL8. Furthermore, we found that both extracellular signal-regulated kinase (ERK) 1/2 and p38 MAPK pathways were necessary in the induction of TNF-α, IL-6, and CXCL8 at the transcriptional levels in A549 cells.
MATERIALS AND METHODS

Preparation of Mtb
Cultures of Mtb H37Rv (kindly provided by Dr. Richard L. Friedman, University of Arizona, Tucson, AZ, USA) were prepared as described previously (16) . Briefly, Mtb
H37Rv was grown at 37℃ on Middlebrook 7H10 agar 
Enzyme-linked immunosorbent assay (ELISA),
Western blot analysis, and reverse transcriptasepolymerase chain reaction (RT-PCR)
A549 cells were treated as indicated and processed for analysis by sandwich ELISA as previously described (16) .
For the sandwich ELISA, cell culture supernatants were analyzed for TNF-α, IL-6, and CXCL8 using Duoset antibody pairs (BD PharMingen, San Diego, CA, USA) as described previously (16) . Assays were performed as recommended by the manufacturers. Western analysis was performed as previously described (16) . Primary antibodies were used at a 1:1,000 dilution. Membranes were developed using a chemiluminescence assay (ECL; AmershamPharmacia, Freiburg, Germany) and subsequently exposed to chemiluminescence film (Amersham-Pharmacia). For semi-quantitative RT-PCR analysis, RNA was isolated using an RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Primer sequences were shown at Table 1 .
Detection of ROS production
Intracellular ROS levels were measured by dihydroethidium (DHE) assays, as previously described (16) 
Statistical analyses
For statistical analysis, the data obtained from independent experiments were presented as the mean ± standard deviation (SD); they were analyzed using a paired t-test with Bonferroni adjustment or ANOVA for multiple comparisons.
Differences were considered significant at p < 0.05. 
RESULTS
Mtb induces ROS generation in a TLR2-dependent manner
Our previous study showed that intracellular ROS can regulate intracellular signal transduction cascades in monocytes/macrophages during mycobacterial infection (10, 11) . However, ROS formation in response to Mtb is poorly characterized in A549 cells. We examined whether
Mtb stimulation led to ROS generation using oxidative fluorescent dye DHE to detect superoxide production in 
Mtb stimulation induces pro-inflammatory cytokine release in A549 cells
In order to examine the kinetics and dose-dependency of Mtb-induced pro-inflammatory cytokine responses, A549 cells were stimulated with various MOIs (0.5~10) or various times (3~96 h) of Mtb stimulation. Then, cytokine ELISA was performed to assess TNF-α, IL-6, and CXCL8 secretions to the culture supernatants. Mtb stimulation induced relatively low levels of TNF-α, IL-6, and CXCL8 at MOI of 0.5 to 1 (data not shown). When A549 cells were exposed to Mtb at an MOI of 5, the secretion of cytokines significantly increased in the culture medium compared to those by Mtb stimulation at an MOI of 1 (p < 0.01, data not shown). Therefore, we used the MOI of 5 in this study. In addition, the highest peak of TNF-α and CXCL8 production in response to the Mtb stimulation was always detected 8~24 h after stimulation (Fig. 4) . The peak production of IL-6 was around 18~48 h after Mtb stimulation. However, the IL-6 release at 48 h was not significantly different from that at 18 h. Hence, supernatants were harvested at 18 h after stimulation for additional experiments.
ROS release was responsible for the secretion of TNF-α, IL-6, and CXCL8 in A549 cells
Previous studies have suggested that ROS generation was required for the 30-kDa antigen-induced pro-inflammatory chemokines release in human monocytes (10) . However, the roles of ROS formation for pro-inflammatory cytokine production in A549 cells had not been determined. Thus, we examined whether ROS played a role in the secretion of TNF-α, IL-6, and CXCL8, from A549 cells. As shown (Fig. 6) . The inhibition was not attributable to solvent control because DMSO did not exhibit any inhibitory effects at this concentration.
DISCUSSION
The innate immune system is the first line of host defense mechanism against pathogens before the development of adaptive immune responses. ROS are mainly produced by leukocytes and by the respiratory mitochondrial chain, and serve as an important second messenger to control a broad range of physiological and pathological processes (11, 19, 20) . Now it is being recognized that the epithelium is no longer an "innocent bystander," but may play a central role Figure 5 . The roles of ROS in pro-inflammatory cytokine and chemokine production in response to Mtb stimulation in A549 cells. The A549 cells were pretreated with NAC (10, 50, 100 mM), DPI (5, 10, 20 μM) or rotenone (5, 10, 20 μM) for 45 min, followed by stimulation with Mtb (MOI = 5) for 18 h. The supernatants were harvested at 18 h, and the production of pro-inflammatory cytokines (for TNF-α and IL-6) and chemokine (for CXCL8) was measured by ELISA. Data are the mean ± SD of three experiments. un, unstimulated; D, solvent control (0.1% DMSO). Significant differences (**, p < 0.01;***, p < 0.001) (27) . Earlier studies showed that IL-6 plays a role in the infectious process, and it was reported that lower levels of IL-6 inhibit mycobacterial growth in murine macrophages (28) . On the contrary, 
